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ND4
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ND6Respiratory Complex I deﬁciency is implicated in numerous degenerative and metabolic diseases. In particular,
mutations in several mitochondrial DNA (mtDNA)-encoded Complex I subunits including ND4, ND5 and ND6
have been identiﬁed in several neurological diseases. We previously demonstrated that these subunits played
essential roles in Complex I assembly which in turn affectedmitochondrial function. Here, we carried out a com-
prehensive study of the Complex I assembly pathway. We identiﬁed a new Complex I intermediate containing
bothmembrane andmatrix arms at an early assembly stage.Weﬁnd that lack of theND6 subunit does not hinder
membrane arm formation; instead it recruits ND1 and ND5 enters the intermediate. While ND4 is important for
the formation of the newly identiﬁed intermediate, the addition of ND5 stabilizes the complex and is required for
the critical transition fromComplex I to supercomplex assembly. As a result, the Complex I assembly pathwayhas
been redeﬁned in this study.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The mammalian NADH-ubiquinone dehydrogenase (Complex I) is
the major entry point for electrons of the respiratory chain, yet it is
the least understood complex in terms of its assembly, function and
roles in different disorders. Complex I is a multi-subunit complex
consisting of 44 subunits of which 7 subunits — ND1, -2, -3, -4, 4L, -5
and -6— are encoded by the mitochondrial genome [1–4]. Electron mi-
croscopic (EM) studies indicate an L-shaped structure of Complex I
consisting of a hydrophobic membrane arm embedded in the mito-
chondrial inner membrane and a hydrophilic peripheral arm that juts
out into the matrix [5,6]. All of the mitochondrial DNA-encoded
subunits are found in the membrane arm that participates in proton
translocation [7,3]. The peripheral arm contains the nuclear-encoded
subunits as well as Fe–S centers involved in transfer of electrons [8].
The currently favored model of the Complex I assembly pathway
consists of independent assembly of the membrane and the peripheral
arm via sequential induction of subcomplexes which ultimately join to-
gether to form the L-shaped structure [9,10]. This model is composed of
two starting subcomplexes: a 400 kDa subcomplex containing ND1 and
nuclear-encoded subunits such as NDUFS2, 3, 7, 8 and NDUFA9, and a
~460 kDa subcomplex containing ND2, ND3 and ND4L. The additional
presence of ND6 in the latter subcomplex has been debated. Thesed Cellular Biology, University of
rl Drive, San Antonio, TX 78229,two subcomplexes then combine to form a ~700 kDa subcomplex that
also contains NDUFB6 and NDUFA13. The subcomplex containing ND4
and ND5 then joins the Complex I assembly pathway and the assembly
is completed with addition of the remaining nuclear-encoded subunits
including NDUFS4 [10–15]. Many assembly factors have been identiﬁed
that help in the correct incorporation of Complex I subunits at different
stages. Currently, approximately 11 assembly factors have been report-
ed, including Ecsit, NDUFAF1-4, Aif, Ind1, ACAD9, C6ORF60, FOXRED1
and C20ORF7 [16–22].
Complex I deﬁciency has been associated with disorders such as
Parkinson's disease, Leigh's syndrome, fatal infantile lactic acidosis,
macrocephaly with progressive leukodystrophy, encephalomyopathy,
and in particular, Leber's Hereditary Optic Neuropathy (LHON) [23–25].
TheND1, ND4, ND5 andND6 genes are also considered hotspots for path-
ological mutations [26]. It has been observed that mutations in ND4 and
ND6 obstruct Complex I assembly, leading to a Complex I deﬁciency
[27–29] while mutations in other mitochondrial subunits, such as ND1
and ND5, impair Complex I activity by causing a mild defect in Complex
I assembly [30,31].
In spite of this progress, details of the process of Complex I assembly,
in particular those involving mtDNA-encoded subunits, are still largely
unclear, with many contradictory observations. The entry point for
ND6 had been thought to be as early as with ND2, ND3 and ND4L, but
recently it was reported that ND6 might enter the assembly pathway
later. Moreover, ND4 and ND5 had been thought to enter the assembly
pathway later and in conjunctionwith each other, but this has also been
debated. In addition, there are conﬂicting reports on the role of ND6 in
Complex I assembly [12,28,32,33].
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isolating several mtDNA mutations based on resistance to a Complex I
respiration inhibitor, rotenone [33]. In particular, cell lines carrying
mutations in the ND4, ND5 and ND6 genes have been established
[27,33,34]. The availability of thesemutant lines enables us to delineate
the Complex I assembly pathway in mammalian cells. In this study, we
provide evidence suggesting a different sequence of incorporation of
mitochondrial encoded Complex I subunits than the model previously
reported.2. Materials and methods
2.1. Cell lines
All the cell lines used in the present work were grown in monolayer
culture. The cell line A9 (ATCC CCL-1.4) is a derivative of the mouse L
ﬁbroblast cell line [35]. All cells were grown in Dulbecco's modiﬁed
Eagle's medium (DMEM) supplemented with 10% fetal calf serum
(FCS). The rotenone-resistant clone 4A carrying the ND6 mutation
wasderived fromA9 [35] andwas grown in regularDMEMsupplement-
ed with 0.2 μM rotenone. Cybrids 4A-4 and 4A-6 are derived from the
LL/2-m21 cell line with mitochondria from 4A [35]. The 3A20-4 cells
are mouse ﬁbroblasts derived from the LL/2 cell line with a frameshift
mutation in the ND5 subunit [33], while C4T cells are human osteosar-
coma cells with frameshift mutation in the ND4 gene and are derived
from the 143B.TK− cell line [27].2.2. Mitochondrial pulse-chase
To test the stability of mitochondrial translational products, pulse-
labeling experiments with [35]S methionine were performed according
to a protocol described previously [36]. Samples of 2 × 106 cells of the
desired type were plated onto 10 cm dishes, incubated overnight,
washed with methionine-free DMEM, and then incubated for 7 min at
37 °C in 4ml of the samemedium containing 100 μg/ml of the cytoplas-
mic translational inhibitor cycloheximide. Thereafter, S[35] methionine
(0.2 mCi [1.175 Ci/mmol]) was added, and the cells were incubated
for 120min, thenwashed and subjected to a 24 h chase in complete un-
labeledmedium in the absence of cycloheximide to allow incorporation
of the labeledmtDNA-encoded subunits into the complexes. The labeled
cells were treated with trypsin, washed and subjected to Blue native
PAGE as described below.2.3. Blue native gel electrophoresis/2D SDS PAGE
Complex assembly analysis was carried out by Blue native gel elec-
trophoresis [37]. Sample preparation and Blue native gel electrophore-
sis were carried out as described previously [38]. Brieﬂy, the cells
were suspended in lysis buffer and subjected to homogenization using
a Potter–Elvehjem homogenizer with a rotating pestle until ~80% of
the cells were broken. The homogenate was then centrifuged at 700 g
at 4 °C to remove nuclear and cytoplasmic debris. The resulting superna-
tant was again centrifuged at 3000 g to pellet themitochondria. Themi-
tochondrial protein concentration was determined using a BSA protein
assay from Thermo-Fisher (Waltham, MA). For Western blotting and
immunodetection, antibodies against Complex I subunits NDUFA13
(Abcam, Cambridge, GBN), NDUFB6 (Abcam), NDUFS4 (Abcam) and
NDUFA9 (Santa Cruz Biochemicals, Dallas, TX) were utilized. The
Western blots were carried out according to the protocol provided by
Mitosciences. In-gel activity assays for Complex I and Complex V were
conducted as described before [39]. 2D-SDS electrophoresis was
performed as previously described. Lanes from the Blue native gel
were cut out and laid onto 10–16% gradient Tricine SDS PAGE gel as
published previously [40].2.4. Mass spectroscopy
Protein peptide identiﬁcation by mass spectroscopy was carried out
at the Mass Spectroscopy Institutional Core at UTHSCSA. The samples
were processed as described above for Blue native gels and equal
amounts of protein were loaded. Complex I bands were cut from the
A9 and 4A sample lanes, respectively. The bands were subjected to
digestion and protein identiﬁcation was carried out using liquid
chromatography–mass spectrometry (LC/MS) at the UTHSCSA Core.
Each experiment was conducted twice.
3. Results
We and others have previously shown that ND6, ND4 and ND5 are
essential for Complex I assembly [27–29,33,34]. With the development
of approaches to delineate the dynamics of the respiratory complexes'
assembly process and generation of more cell lines carrying various
mutations inmtDNA encoded Complex I subunits,we carried out a care-
ful investigation into the roles of several key subunits in Complex I
assembly.
4. Complex I assembly in cells without mtDNA encoded ND6 subunit
Cell line 4A is one that we established which carries a near-
homoplasmic frameshift mutation in the mtDNA-encoded ND6 gene
[28]. To characterize Complex I assembly in the absence of ND6 subunit,
4A cells were grown alongwith the control A9 cells in the presence of a
mitochondrial protein synthesis inhibitor, chloramphenicol, for 24 h.
This leads to an enrichment of nuclear-encoded respiratory chain
subunits in the mitochondria and blocks mtDNA-encoded protein syn-
thesis. Cells were subsequently labeled for 2 h with [35]S methionine
and chased for 24 h in complete unlabeled medium to allow incorpora-
tion of labeled, mtDNA-encoded respiratory subunits into respiratory
complexes. Cells were collected at different time points and solubilized
with digitonin for native gel electrophoresis analysis. As shown in
Fig. 1A, at the 0 h time point, i.e., 2 h after addition of labeled [35]S,
both A9 and 4A showed a band corresponding to MW greater than
950 kDa, which is close to the complete Complex I. After 24 h of chase,
this band shifted to a slightly lower molecular weight band in A9 cells,
while it signiﬁcantly decreased inmutant 4A cells. Tomore carefully fol-
low the changes of this putative early assembled Complex I, we carried
out the chase analysis with more time points between 0 h and 24 h. In
4A cells, where ND6 is absent, the putative Complex I band started to
decrease around ~6 h (Fig. 1B). In contrast to 4A cells, this putative
Complex I intermediate band in A9 cells was rapidly incorporated into
supercomplexes by 4–6 h (Fig. 1C), and at about the same time, a slight-
ly lowermolecular weight band, labeled Complex I* (CI*), started to ap-
pear and accumulate. The CI* band appeared simultaneously with the
supercomplexes. To conﬁrm that the N950 kDa band seen at 0 h in 4A
cells is indeed an intermediate of Complex I, a second dimension tricine
SDS gel electrophoresis was carried out. The presence of mtDNA-
encoded Complex I subunits was detected in the N950 kDa band
(Fig. 2A). Furthermore, immediately after labeling, a similar pattern of
CI assembly was observed in both the wild type as well as the ND6mu-
tant line (Fig. 2A and B). Within 2 h of labeling, incorporation of ND4,
ND2, ND3 and ND4L (and ND6 in A9 cells) was seen in the relatively
high molecular weight N950 kDa Complex I intermediate in both A9
and 4A cells while ND1 and ND5 remained in the ~400 kDa and
~200 kDa subcomplexes, respectively. ND2, ND3 and ND6 were also
seen in ~450 kDa and ~700 kDa subcomplexes in A9 and 4A cells at
early time of assembly. However, the levels of the subunits in the
early assembled N950 kDa Complex I intermediate in 4A cells decreased
over a period of 24 h and only ND1 was seen in the ~400 kDa
subcomplex, while supercomplex assembly was seen in A9 cells. Also
observed in A9 cells at 24 h is a ~750–800 Kodak Complex I band,
which is probably not seen in 1D gel due to the strong Complex V signal,
Fig. 1. Early Complex I assembly intermediate in ND6 mutant cells. A) The presence of a N950 kDa putative Complex I band in A9 and ND6 mutant 4A cells at 0 h after [35]S methionine
labeling. The N950 kDa band can also be seen in 4A cells at 24 h, while in A9 cells, the assembled Complex I band along with supercomplexes is seen. B) The chase experiment shows
the gradual disappearance of the N950 kDa Complex I intermediate band in 4A cells over time. C) [35]S labeled pulse chase of wild type A9 cells showing the N950 kDa complex at
early times and the assembled Complex I, indicated as Complex I*, and supercomplexes at later time point. Complexes III, IV and V are marked for molecular weight reference.
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bly intermediates in 4A cells were detected with multiple antibodies
against its subunits including anti-NDUFA13 antibody, and results
revealed the presence of the ~400 kDa band (Fig. 2E), conﬁrming the
observations in 24 h [35]S-labeled gel in 4A cells.
To conﬁrm that these ﬁndings were not characteristic of only the 4A
cell line, due to some speciﬁc alterations in nuclear background, we
transferred 4A mtDNA carrying the ND6 mutation to a new nuclear
background, mouse Lewis Lung cancer line LL/2 derived, mtDNA-less
rho zero cells [33]. We then conducted similar experiments in two
such cybrids, 4A-4 and 4A-6. We observed Complex I assembly pattern
at an early time point as observed in the 4A cells (Fig. 3A), and the highFig. 2. Presence of Complex I subunits in ND6mutant cells. A) The 2D SDS PAGE proﬁle of ND6m
type A9 proﬁle after 24 h of [35]S labeling. The samples were run on a BNPAGE in the direction i
weights of all subcomplexes observed have been indicated. Complex III, IV and V have been ind
4A cells but no Complex I assembly when probed with anti-NDUFA13 antibody. F) The cartoo
N950 kDa Complex I intermediate, pink circles indicate the presence of assembly factors.molecular weight Complex I band immediately after labeling also
contained mtDNA-encoded Complex I subunits as in 4A cells, as repre-
sented by 4A-4 cells (Fig. 3B).
5. Incorporation of Complex I subunits depending on the mtDNA-
encoded ND6 subunit
To map out the sequential incorporation of the different mtDNA
subunits in the presence and absence of ND6, we ﬁrst labeled the
mtDNA-encoded subunits, and then carried out pulse-chase experi-
ments at different time points. In mutant 4A cells, we observed that
the ND5 subunit remained in the premature ~200 kDa subcomplexesutant 4A and B)wild type A9 cells after 2 h of [35]S labeling and C)mutant 4A and D)wild
ndicated and were subsequently run on SDSPAGE in the second dimension. The molecular
icated for molecular weight reference. E) The formation of a steady state ~400 kDa band in
n shows the three subcomplexes observed in 4A and A9 cells and their progress into the
Fig. 3. Assembly ofmtDNA subunits into Complex I in ND6mutant cells. A) The presence of the N950 kDa Complex I band in 1D native gel in 4A-4 and 4A-6 cells at 0 h and 24 h after [35]S
labeling. B) The 2D SDS PAGE proﬁle of 4A-6 cells similar to 4A cells after 2 h of labeling with the N950 kDa band containing Complex I subunits. (C–E) 2D SDS PAGE proﬁle of A9 cells and
(F–H) 2D SDS PAGE proﬁle of 4A cells at the 0 h, 4 h and 10 h time points (i.e., 2 h, 6 h and 12 h after [35]S labeling begins) respectively. Each observed subcomplex is marked on the SDS
PAGE aswell as the BNPAGE. The direction for each gel dimension is also indicated by blue arrows. I) The cartoon shows the kinetic progression of different subcomplexes as observed on
the gel.
Table 1
Mass spectroscopy detects presence of nuclear encoded Complex I subunits in the N950
kDa intermediate in ND6 mutant 4A cells and A9 cells. Steady state Complex I band from
A9 cells was used as control.
Proteins identiﬁed A9 (Control) A9 (N950 kDa band) 4A (N950 kDa band)
NDUFA9 + + +
NDUFS1 + + +
NDUFV1 + + +
NDUFB10 + + +
NDUFS2 + + +
NDUFS3 + + +
NDUFV2 + + +
NDUFA12 + + +
NDUS7 + + +
NDUFS8 + − +
NDUFA5 + − −
NDUFA13 + − −
NDUFA7 + − −
NDUFA10 + − −
NDUFS6 + − −
NDUFA8 + − −
NDUFB5 + − −
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progress to the N950 kDa band but was still detectable in the
~400 kDa subcomplexes. In both cell lines, ND2 and ND3 (ND6 in A9)
were consistently seen in the ~450 kDa, ~700 kDa and N950 kDa
subcomplexes. These molecular weights were tentatively assigned
with respect to other respiratory complexes; Complex III, IV and V. In
the wild type cells, by 6 h of labeling, ND5 had already started accumu-
lating in the higher Complex I band and by 12 h, the subcomplexes had
assembled into supercomplexes (Fig. 3C–E).
To more carefully determine the composition of the nuclear-
encoded subunits in this early N950 kDa Complex I intermediate band,
we allowed for de novo Complex I assembly in A9 and 4A cells by
treating them with chloramphenicol for 6 days to allow for existing
Complex I to get turned over [41]. A9 and 4A cells were collected at
the 0 h time point (i.e., 2h removal of block) andmitochondriawere iso-
lated and subjected to Blue native gel electrophoresis. This Coomassie
blue stained bandwas subjected tomass spectrometry analysis. Assem-
bled Complex I band from A9 cells was used as a control. Table 1
provides a list of Complex I subunits incorporated in the presence and
in the absence of ND6 as they were identiﬁed in 4A and A9 cells.
Among the subunits identiﬁed in both A9 and 4A cells, there were
NDUFS2, NDUFS3, NDUFA9 and others which previously reported as
early assembled subunits [10,15]. We also detected NDUFV1, NDUFV2,
NDUFS1, 5 and 6 which were incorporated at a later stage in ComplexI assembly [42] indicating that ND6 was not required to incorporate
these subunits and that in the absence of ND6, the assembly of Complex
I could still carry on to a certain extent.
Fig. 4. Early Complex I assembly in ND5 mutant 3A 20-4 cells: A) The lack of Complex I in-gel activity in 3A 20-4 cells, using A9 cells as wild type controls (left panel) and the lack of
assembled Complex I in 3A 20-4 cells using anti-NDUFA13 antibody (right panel). B) The 1D native gel proﬁle in 3A20-4 cells at the 0 h time and 24 h and C) the 2D SDS PAGE proﬁle
and presence of mtDNA-encoded Complex I subunits at the 0 h time point in the N950 kDa Complex I intermediate. D) The 2D SDS gel proﬁle at 24 h time point of labeling where the
presence of a faint ~800 kDa complex can be detected. Complex V has been labeled for molecular weight reference. E) The cartoon shows the presence of the ~400 kDa, 700 kDa,
N950 kDa and ~800 kDa subcomplexes seen in the 2D SDS proﬁle and 1D Blue native gel in ND5 mutant cells.
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subunit
To extend the study to the role of other mtDNA-encoded subunits in
Complex I assembly, we took advantage of human and mouse cell lines
carrying variousmutations inND5 andND4with different nuclear back-
grounds. To determine the role that ND5 plays in the Complex I assem-
bly pathway, we used mouse 3A20-4 cells isolated previously with a
near homoplasmic nonsensemutation in theND5 gene [33].We follow-
ed a similar approach as before wherein we labeled the mitochondrial
translational products and observed the incorporation of Complex I
subunits into different subcomplexes at 2 h and 24 h post-labeling.
We conﬁrmed that Complex I assembly was disrupted in the ab-
sence of ND5 subunit with both in-gel assay and western blotting,
showing almost no Complex I in 3A20-4 cells even though we couldsee a faint ~800 kDa band (Fig. 4A). We assigned this molecular weight
w.r.t the ~800 kDa band observed earlier in control cells, just above the
~750 kDa Complex V band. In the 2D SDS PAGE after [35]S labeling we
observed ND2, ND3 and ND6 in the ~450 kDa and the ~700 kDa
subcomplex. We also detected a similar N950 kDa upper band immedi-
ately after labeling and 2D SDS PAGE showed the presence of all
mtDNA-encoded subunits except for ND5. However, the intensity of
this band signiﬁcantly decreased with the concurrent appearance of a
~800 kDa band after 24 h (Fig. 4B, C), which was visible even at
steady-state levels (Fig. 4A). After 24 h, ND1, ND2 and ND4 were still
seen in the faint ~800 kDa band (Fig. 4D).
We then used C4T cells derived from the 143B.TK− cell line, which is
a homoplasmic ND4 mutant human osteosarcoma cell line [34] to
examine the role of ND4 subunits in Complex I assembly. Within 2 h
of labeling, a Complex I band was seen in wild type KB30 cells which
Fig. 5. Lack of assembly of Complex I in ND4mutant cells. A) The 1D BNPAGE of KB30 and ND4mutant C4T cells at the 0 h and 24 h time points of [35]S labeling. An early Complex I band is
seen in KB30 at 0 h but not in C4T cells. B) The 2D SDS PAGE of C4T cells and D) KB30 cells at 0 h time point after [35]S labeling and C) the 2DSDS PAGE of C4T cells and E) KB30 cells at the
24 h time point after [35]S labeling. The cartoon shows the presence of the ~400 kDa and ~700 kDa subcomplexes seen in the 2DSDS proﬁle in ND4 mutant cells.
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I bandwas seen either early or 24 h after labeling (Fig. 5A). 2D SDS anal-
ysis of these subunits revealed the presence of ND2, ND3 and some ND6
(very faint) in the ~450 kDa and ~700 kDa subcomplex in C4T cells
during the early assembly stages while ND1 was seen in the ~400 kDa
subcomplex and ND5 was observed in the early ~200 kDa subcomplex
(Fig. 5B). The early assembled N950 kDa Complex I intermediate as
seen in ND5 and ND6 mutant cells was not observed in these cells,
indicating that ND4 is incorporated into Complex I assembly earlier
than ND5 and ND6. Almost all subunits except ND2 disappeared after
24 h of assembly and we saw maturation of some portion of ND1
subcomplex to the upper molecular weight band, possibly due to the
presence of some ND6, but the majority of the ~700 kDa complex was
degraded (Fig. 5C). In wild type cells, on the other hand, a pattern
similar to A9 cells was observed at early times after labeling and after
24 h (Fig. 5D, E).
7. Incorporation of nuclear encoded subunits in Complex I assembly
To obtain a complementary picture of Complex I assembly associat-
ed with the alteration of mtDNA-encoded subunits described above,
we then analyzed the incorporation of nuclear DNA-encoded subunits.
We chose three subunitsNDUFB6, NDUFS4 andNDUFA13 as they are in-
corporated at different stages in the assembly pathway, as reviewed
previously [42]. Mouse ﬁbroblast A9 cells were treated with chloram-
phenicol, an inhibitor of mitochondrial translation, at 40 μg/ml, for
6 days [41]. At 6 days of treatment, there was an almost complete turn-
over of existing Complex I with almost none present immediately after
removal of the inhibitor (Fig. 6). De novo Complex I assembly was then
followed at different time points to observe the incorporation of these
four subunits into Complex I (Fig. 6A–C). While it is possible thatdetection of different bands may be affected by different antibody
sensitivities, we chose these three antibodies as they were the most
sensitive and gave the strongest signal on a Blue native gel. Since we
corroborated these results with our [35]S results and previously
established subcomplex modules we believe the bands we observe to
be genuine representation of Complex I subcomplexes. We observed
that NDUFA13 was present consistently in a ~400 kDa subcomplex,
closer to the Complex III band and progressed to the ~800 kDa
subcomplex almost 5 h after the removal of the CAP block (Fig. 6A). It
then entered into a supercomplex starting at 7 h after the assembly
begins; at the same time, the CI* band also started accumulating. This
was also seen with the other two nuclear encoded subunits. NDUFB6
is a nuclear-encoded subunit that forms a part of the membrane arm.
NDUFB6 was a part of a low molecular weight subcomplex approxi-
mately ~200 kDa near the Complex IV band (Fig. 6B). NDUFB6 was
observed in the ~800 kDa subcomplex at around 7 h after removal
of inhibitor, indicating it was incorporated after the assembly of
NDUFA13 into Complex I. At the same time, NDUFB6 was also seen in
a band that was slightly larger than the Complex I band which likely
corresponds to the early N950 kDa Complex I intermediate seen in
both A9 and 4A cells immediately after labeling of mtDNA-encoded
subunits with [35]S (Fig. 1B, C).
We expected NDUFS4 to appear in Complex I at a very late stage, as
reported recently [43] but our observations showed that NDUFS4 is in-
corporated in Complex I assembly intermediates earlier than 24 h
(Fig. 6C). While NDUFS4 is seen in the Complex I and supercomplex
bands around 24 h, it was seen earlier in the ~800 kDa subcomplex
and the N950 kDa bandwhichwas also observed in theNDUFB6 pattern
of assembly at about 5 h. It is interesting to note that the ~800 kDa
subcomplex was seen around ~7 h using all three subunits. Since we
saw the N950 kDa intermediate well before that in our [35]S-labeled
Fig. 6. Incorporation of nuclear encoded subunits in Complex I assembly: using chloramphenicol treatment for 6 days followed by recovery at different time points, indicated below
each image, to document the incorporation of the following Complex I subunits in Complex I assembly A) anti-NDUFA13 antibody, B) anti-NDUFB6 antibody, and C) anti-NDUFS4. Red
arrows indicate the position of the N950 kDa Complex I intermediatewhile other Complex I subcomplexes have been indicated by theirmolecularweights. SS denotes steady state controls
i.e., Complex I bands observed at steady state only. These samples were not treated with chloramphenicol.
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N950 kDa subcomplex in the Complex I assembly pathway. This is also
corroborated by our data on ND5 mutant cells which show a
~800 kDa band at steady-state levels and also in the 24 h [35]S-labeled
gel but not immediately after labeling.Fig. 7.Model for Complex I assembly. A) The current hypothesizedmodel for Complex I assembl
themitochondrial encoded subunits and some of the nuclear encoded subunits during Complex
are assembly factors.8. Discussion
Using cybrid cell lineswithmutations in ND6,we showed a Complex
I assembly intermediate, that has not been observed before, that is an
almost complete Complex I which, however, is degraded over a periodywith the nuclear encoded subunits used in this study. B) Stepwise and kinetic assembly of
I assembly. The subunits labeled in red are nuclear encoded subunits while the pink circles
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all the mtDNA-encoded subunits except ND1 and ND5, indicating that
the incorporation of ND1 and ND5 into Complex I depends on the
presence of ND6. This agrees with a previous report suggesting a role
for ND6 in the maturation of ND1- and ND5-containing subcomplexes.
Our results thus suggest that in ND6 and ND5mutant cells, the inability
of the N950 kDa band to progress to supercomplex leads to a Complex I
deﬁciency. It was previously predicted that Complex III and Complex IV
associate with Complex I through the distal part of the membrane arm
and the supercomplex formation is required to stabilize Complex I
[44–46]. It is therefore possible that, as a result of lack of ND5 or ND6,
association of the other respiratory complexes through the membrane
arm may be hindered, in turn causing the N950 kDa intermediate to
be unstable.
Unlike previous reports, our results show that in ND4, ND5 and
ND6 mutant cells, the ND1 signal remains strong in the ~400 kDa
subcomplex and does not enter the assembling Complex I until much
later. While this was also observed in ND6 mutant cells in a previous
study [12] we also showed this in wild type cells as well as in ND4mu-
tant cells. We also demonstrate that in the absence of ND1, a peripheral
arm is still formed in the N950 kDa intermediate in ND6 mutant cells,
and that the presence of the ~450 kDa subcomplex containing ND2,
ND3 and ND6 is enough for addition of peripheral arm subunits.
Analysis of mouse as well as human cybrids with ND5 mutation
showed a pattern of assembly similar to the ND6 mutant cells, i.e., the
presence of an almost complete Complex I intermediate band at an
early time point. In ND5 mutant cells, this band dissociates to form the
~800 kDa subcomplex over time. However, in these cells we also see
ND1 in the ﬁnal ~800 kDa band, indicating that ND5 may be one of the
lastmtDNA-encoded subunits incorporated into Complex I. The presence
of a faint ~800 kDa subcomplex as well as a supercomplex band (Fig. 4A)
at steady-state indicates that without ND5, these cells can still process
Complex I assembly all the way through until the last step.
We also show that the ND4 mutation completely abolishes
Complex I assembly. We do not see the almost complete Complex I
intermediate band in ND4 mutant cells, indicating that the ND4-
containing subcomplex may be necessary to push the subcomplexes
into the N950 kDa band seen in ND5 and ND6 mutant cells. Recently,
a study showed that lack of ND6 in ND4 mutant cells indicates the
assembly of ND4 earlier than ND6 [12]. Even in the wild type cells,
ND6 is seen to migrate with ND2 and ND3, making it a part of the
earliest Complex I subcomplex and hence it is incorporated into
Complex I assembly earlier than ND4. This is corroborated by the
recent ﬁndings [47] of the mammalian Complex I architecture study
wherein supernumerary subunits form protective layers around ND2,
ND4l, ND3 and ND6 indicating that they may be incorporated together
in the assembly pathway. We therefore propose that because ND4 is
also seen in the almost complete Complex I intermediate in the absence
of ND6, indicating that the assembly of ND4 into Complex I may follow
ND6 but does not depend on the presence or absence of ND6, thus
making our assembly pathway model partially sequential in contrast
to other models.
Our model (Fig. 7) suggests that the N950 kDa intermediate lasts
until ~6 h post de novo assembly before assembling into supercomplexes
via the ~800 kDa subcomplex. In wild type A9 cells, as early as 2 h after
labeling we observed that the N950 kDa intermediate progresses into
supercomplexes, explaining the lesser intensity of the N950 kDa band
in A9 cells as compared to ND6 mutant 4A cells. This slight shift in
molecular weight may be interpreted as assembly and stability factors
dissociating from a matured, assembled Complex I. The presence of
ND4, and not ND5, in the early upper band also disproves previous
reports that suggest ND4 is incorporated later and in conjunction with
ND5 [42,48,49], and we also show that ND4 is needed to generate
the N950 kDa intermediate. Our study also reveals that the ND1-
containing subcomplex does not join the assembling Complex until
much later than previously thought.Our data thus suggest a sequential pathway for assembly of mtDNA-
encoded subunits into Complex I assembly. ND2 and ND3 (ND6 in wild
type cells) appear to be the earliest incorporated subunits, appearing in
all three mutant cell lines as well as wild type cells at the earliest hour
after labeling. ND2, ND3 and ND6 are seen in the ~450 kDa, ~700 kDa
and N950 kDa subcomplex 2 h after labeling ofmtDNA-encoded subunits,
while ND1 remains in a slightly lower ~400 kDa subcomplex but does not
incorporate into the other subcomplexes. The ~450 kDa subcomplex then
assembles into a ~700 kDa subcomplex, presumably with addition of pe-
ripheral arm subunits and containing ND2, ND3, ND6 and ND4L. This is
followed by ND4-containing subcomplex that joins the ~700 kDa
subcomplex. Thus, in our results we observe the entry of ND6 prior to
ND4 into the Complex I assembly pathway. Addition of the ND4
subcomplexpropels theComplex I intermediates into the N950kDa inter-
mediate, presumably with assembly factors still associated. The presence
of NDUFS4 in the N950 kDa band in our Blue native gel and the presence
of other nuclear-encoded subunits detected by mass spectroscopy con-
ﬁrm the existence of a peripheral arm in our N950 kDa intermediate. In
ND6 mutant cells, we see all the mtDNA-encoded subunits except ND1
and ND5, suggesting that these incorporate after ND6 assembles into
Complex I. The assembly of ND1 and ND5 also does not appear to be se-
quential, but merely depends on the presence of ND6 in the assembling
Complex I. Addition of ND1- and ND5-containing subcomplexes signals
the endof Complex I assembly. At this point, ~6 h after the de novo assem-
bly begins, the N950 kDa Complex I shifts in molecular weight to an
~800 kDa intermediate with subcomplexes added from ND1 and ND5.
While the ~400 Kodak, ~700 kDa and ~800 kDa subcomplexes have
been described before to some extent [10,50,51], the dynamic and kinetic
progression of these subcomplexes as well as the presence of the
N950 kDa intermediate have not been described before. Thismay be part-
ly becausemost of these studies are in patients' cells and as such it is hard
to determine whether the presence and composition of these
subcomplexes in these cells are physiologically relevant or an artifact of
defective Complex I assembly.
It is interesting to note that our study indicates that it would take 12–
24 h for a newly synthesized Complex I subunit to incorporate into func-
tional respiratory machinery. It might be reasonable to assume that in
order tomaintain a stable respiratory phenotype, time required for Com-
plex I assembly should not exceed cell doubling time. Together, the rate
of assembly of respiratory complexes, in particular Complex I, might be
subjected to tissue-speciﬁc regulation, and that in turn could be the
base for the tissue-speciﬁc presentation of some mitochondrial diseases
which have been shown to associate with the regulatory factors of Com-
plex I assembly. ND4 and ND5 genes are among the most affected dis-
ease-associated ones for mitochondrial diseases. Our results, indicating
that they likely play an important role in stabilizing Complex I and facil-
itating supercomplex assembly, provide some insights for the pathogen-
esis for the related diseases. Another important implication of this study
is although speciﬁc mutations in ND1, ND4 and ND6 genes are reported
as the primary ones for LHON, the different roles played by these sub-
units in Complex I assembly may be responsible for differences in sever-
ity seen and as such different treatment approaches might be taken as
these three subunits play distinctive roles in Complex I dynamics.
In this study, we combined mass spectroscopy, Blue native and 2D
gels approaches to show a kinetic progression of Complex I assembly,
and these techniques have allowed us to discern the assembly pattern
to the greatest detail. Our results also showed the formation of a new
Complex I intermediate that may be important for progression of
Complex I into supercomplexes. Meanwhile, our data gives rise to
other questions: what role does ND6 play in assembly of ND1 and
ND5, two subunits that are situated at the opposite ends on the
membrane arm [47] that warrants future studies. Nevertheless, these
new ﬁndings may provide a new basis for understanding how Complex
I assembly progresses into supercomplex and the role of these
supercomplexes in mitochondrial disorders with ND4, ND5 and ND6
mutations.
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